OBJECTIVES: To evaluate long-term results of tracheoplasty using autologous pericardial patch and strips of costal cartilage for relieving severe long-segment tracheal stenosis.
INTRODUCTION
Tracheal stenosis is a relatively rare condition that can be life threatening. Treatment options vary according to the severity of tracheal stenosis and the length of the obstructed segment. For short segments, resection with end-to-end anastomosis is usually sufficient. However, in cases where a longer segment of the trachea is involved, other techniques have been described. Sliding tracheoplasty, as has been described by Tsang et al. [1] , is one of the best known repair techniques for long-segment tracheal obstruction and has been reported to yield good results. The extensive dissection of the trachea from the surrounding tissues that is needed to perform a sliding repair may possibly compromise the vascular supply of the trachea, although this has so far not been reported to result in any major problems. Other techniques such as the one that has been described by Idriss et al. [2] , where an autologous pericardial patch is used to enlarge the tracheal lumen, may be a reasonable alternative as this will easily yield a wide lumen even when severe stenosis exists over the whole tracheal length [3] . Others have reported good long-term results with this technique [4] . The disadvantage of this technique is the long intubation period postoperatively that is required for stenting the trachea and avoiding collapse of the flaccid pericardium. Previously, we have described an alternative to this technique, where we use autologous costal cartilage to externally stent the pericardial patch [5] . This directly results in a stable and rigid trachea, so that the patient can be extubated very early after surgery. In this paper, we describe our results with this technique and the long-term follow-up. In addition to the usual follow-up, we used the Visual Analogue Scale (VAS) for assessing quality of life of survivors [6] .
MATERIALS AND METHODS
Between 1993 and 2013, 95 patients underwent surgery for tracheal stenosis in our institution. Of these, 21 non-consecutive patients underwent tracheoplasty using autologous pericardial patch and costal cartilage, the patch-and-strips technique (Table 1) . A detailed description of this method was previously published in 2008 [5] . A short summary will be given here. Our dedicated trachea team consists of congenital cardiothoracic surgeons ( paediatric), otorhinolaryngologists, paediatric cardiologists as well as of paediatric anaesthesiologists and paediatric intensive care doctors. Preoperative work-up always includes a computed tomography (CT) scan for diagnosis of any vascular abnormalities, an exact estimation of severity and length of the tracheal obstruction as well as an intent to explain the mechanisms of obstruction, echocardiography to evaluate any concomitant cardiac defects as well as bronchoscopy, where the remaining tracheal lumen and the exact location and length of the narrowed segment were measured. Rigid bronchoscopy in a spontaneously breathing patient is preferred as this provides a better insight into the dynamics of the trachea and main bronchi while it also informs us of the (lack of ) rigidity of the tracheal wall. The condition of the tracheal mucosa can be evaluated during bronchoscopy.
Cross-sectional area was used to define the lumen of the trachea. Evaluating the cross-sectional tracheal surface area in tracheal stenosis was done by comparing the narrowest area with the cross-sectional area at the level of cricoid.
Median sternotomy was the standard approach for all patients. All surgery that included opening of the trachea was performed using mild hypothermic cardiopulmonary bypass (CPB). Ductal ligaments or patent arterial ducts were closed and divided in all patients. Any concomitant cardiac an/or vascular abnormalities were corrected first, whenever possible without using CPB. After repair of vascular slings, rings or any compressing arteries (with or without pexy of aorta and/or trachea), bronchoscopy was repeated to evaluate whether these measures had resulted in a satisfactory relief of the tracheal obstruction. If obstruction remained over a longer segment, tracheal repair was decided for.
Although the decision to go further with tracheal reconstruction was not always 100% well defined, a residual cross-sectional area of <50% [7] , obstruction over >1-2 cm and a belief that with time there would not be any further improvement have typically been indicators for tracheal repair. If the patch-and-strips technique had been chosen to widen the trachea then with the help of bronchoscopy, the exact location of the narrow segment of the trachea was marked with a small-sized syringe needle after which the anterior tracheal wall was opened in a longitudinal fashion. The incision was carried upwards and downwards until a normally sized lumen was encountered. Two Fogarty arterial embolectomy catheters (Edwards Life Sciences, Irvine, CA, USA) were inserted into both main bronchi to avoid the spill of blood. A slightly oversized untreated autologous pericardial patch was harvested and sewn over the opened trachea with a continuous running suture using 5-0 or 6-0 polydioxanone suture (PDS; Ethicon, Inc., Sommerville, NJ, USA). Care was taken to avoid passing the needle through the mucosa wherever possible avoiding any suture material inside the lumen of the airway, decreasing the chance of granulation formation. Strips of autologous costal cartilage were then harvested from the costal arch and cut in such a way that they would form semi-circular curved strips with enough rigidity. These strips were then sutured to the trachea and the pericardial patch, as external 'stents' for support (Fig. 1) . Postoperative bronchoscopy determined adequate increase in the tracheal lumen. To evaluate the stability of the repair, negative pressure was applied to the endotracheal tube. Any collapse of the reconstructed trachea was treated by additional placement of costal strips. The mediastinal cavity was filled with saline and Valsalva manoeuvre was performed to find any air leaks. If present, these were addressed separately with additional sutures. After the operation, all patients were admitted to the intensive care unit (ICU). Patients were typically sedated and paralyzed for at least the first postoperative night after which extubation was aimed for.
All data were gathered retrospectively and entered in a database. Clinical data were collected by chart review. All postoperative CT scans, bronchoscopies and echocardiographies were evaluated. Follow-up was performed by outpatient chart review and referring physicians were contacted to fill in a questionnaire. Patients or parents of patients were contacted by phone and were asked to respond to a VAS questionnaire, where the parents or the patient would score their sense of well-being and or freedom from respiratory symptoms compared with their age-related peer group. The score was between 1 and 10, 1 being the worst. The VAS has been validated for respiratory symptoms in adults and children [6] .
Statistical analysis
Statistical analysis was performed using IBM SPSS, version 20 (SPSS, Inc., Chicago, IL, USA). A χ 2 test was used to compare dichotomous variables and a Student's t-test was used to compare continuous variables. Spearman's rho method was used to indicate correlation between two variables. A P-value of <0.05 was considered to be significant. Continuous variables were expressed as the median with the range and interquartile range or if there was a normal distribution of the variable, as mean ± standard deviation.
RESULTS
Median age at the time of operation was 7.1 months (range 20 days-45 years, interquartile range 4.6 months-6 years). Fifteen (71%) patients were female. Median weight was 7.3 (range 2.9-60 kg, interquartile range 5.1-16.7 kg). Respiratory symptoms were severe in 12 (57.1%) patients, 10 patients (47.6%) were admitted to the ICU and 5 (23.8%) were intubated prior to operation due to respiratory failure. Five (23.8%) patients had associated intracardiac comorbidities and 6 (28.6%) had non-cardiopulmonary congenital conditions. Patient characteristics are depicted in Table 2 . Six (26.8%) patients had undergone previous surgery. Three patients had undergone correction of a vascular ring. One of these had recurrent tracheal stenosis and had been reoperated on two times before: tracheoplasty using an autologous aortic patch and later an aortopexy via a lateral thoracotomy. One patient had previously undergone a sliding tracheoplasty for tracheal obstruction in the presence of circular rings. The other 2 patients had undergone ventricular septal fefect (VSD) closure prior to their patch-and-strips operation ( Table 2) .
Aetiology of tracheal stenosis was by vascular compression in 13 patients, with 11 of them having concomitant tracheobronchomalacia. Complete tracheal rings were the cause of tracheal obstruction in 7 patients. One patient had systemic sclerotic disease affecting the trachea (Table 3 ). The mean preoperative bronchoscopy measurement of cross-sectional area of the tracheal lumen (in 17 patients) was 31 ± 12%, and the mean length of tracheal stenosis (in 14 patients) was 28 ± 16 mm (range 15-65 mm). On average, five costal cartilage stents were used. The number of strips ranged from 2 to 9. Mean CPB time was 126 ± 63 min. Concomitant surgical procedures are listed in Table 4 .
Postoperative complications included drainage of pericardial effusion in 2 patients, mediastinitis with tracheal patch dehiscence in 1 patient who was successfully reoperated on and upper gastrointestinal bleeding in another patient due to long-term use of non-steroid anti-inflammatory drugs. After discontinuation of this medication and starting of proton-pump inhibitors, no more bleeding has occurred.
The median number of days on ventilation was 6 days (range 1-141 days, interquartile range 3.5-11 days). Median ICU stay was 7 days (range 1-299 days, interquartile range 4-12 days). Median stay on the ward until discharge from hospital was 6 days (range 0-19 days, interquartile range 2.5-12 days).
Reinterventions are depicted in Table 5 . In the postoperative period, 4 patients had bronchoscopic removal of granulation tissue. After discharge from hospital, 3 patients had bronchoscopic removal of granulation tissue. The average time between The values are denoted as n (%). ASD: atrial septal defect; VSD: ventricular septal defect; cAVSD: complete atrioventricular septal defect; IFAP: ichthyosis follicularis, alopecia, and photophobia syndrome.
operation and removal of granulation tissue after hospital discharge was 3 months. In total, 8 patients were reoperated on. In the postoperative period (17 days after the initial operation), 1 patient was reoperated on because of mediastinitis and patch dehiscence. A new patch-and-strips tracheoplasty was successfully performed. Seven patients were reoperated on later for recurrent stenosis. Median time to reoperation was 4.8 months (range 2.0 months-5.4 years, interquartile range 2.4-5.2 years). Of the 7 patients who were reoperated on later, 3 had double aortic arch with a dominant right arch and initially had undergone division of the left arch combined to a tracheoplasty using the patch-and-strips technique. Restenosis occurred due to persistent compression of the trachea by the right aortic arch. Two of them underwent redo patch-and-strips tracheoplasty, 2 months and 6 years later, and 1 had a sliding plasty, 5.4 years later. One patient, 45 years old, who had severe tracheal obstruction and a deformed trachea associated with right aortic arch, left ductal ligament and Kommerell's diverticle, underwent ductal ligament division and tracheal plasty using patch and strips This patient developed recurrent stenosis and was operated on 3 months later. She underwent a tracheoplasty using autologous aortic patch and arteriopexy and tracheopexy with good bronchoscopic result. Nine months later, she had to be reoperated on because of restenosis due to persistent compression of the right aortic arch: the right aortic arch was elongated by vascular graft interposition while the diverticle of Kommerell was resected. Two patients with complete tracheal rings underwent reoperation. One with pulmonary artery sling and complete tracheal rings from cricoid to carina had been operated on at the age of 7 months by the patch-and-strips tracheoplasty. Five months later, she developed restenosis at the distal end of repair and she successfully underwent a local and more limited redo patch-and-strips procedure. The other patient with complete tracheal rings had concomitant agenesis of the right lung and atrioventricular septal defect (AVSD) and had undergone patch-and-strips tracheoplasty at the age of 2.4 months. Three months later, she developed restenosis due to the elongated trachea and the sharp angle because of the mediastinal shift towards the right. She then underwent a sliding tracheoplasty. One patient with systemic sclerosing disease (IFAP, ichtyosis follicularis) also affecting the trachea had initially undergone tracheal repair with the patch-and-strips technique, after 1 and 3 years recurrent tracheal obstruction occurred and he underwent sliding tracheoplasty both times.
There were no operative deaths. Late mortality occurred in 3 (14.3%) patients. One adult patient with right aortic arch, left ductal ligament, late take off of the brachiocephalic trunk and severe tracheal obstruction had previously undergone elongation of the brachiocephalic trunk with graft interposition and ductal cleavage. Two years later, this patient was reoperated on because of restenosis due to persistent compression by a right aortic arch. A tracheoplasty using the patch-and-strips technique was successfully performed. The postoperative bronchoscopy showed an adequate lumen size. One month later, the stenosis had recurred with bronchoscopy now showing a persistent compression on the location of the plasty. Later, a tracheal stent was placed which was complicated by massive bleeding requiring cardiopulmonary resuscitation. The bleeding was stopped by transcatheter embolization of a left bronchial artery, but 3 months later fatal bleeding occurred, due to stent erosion into the aorta. A second patient with Cayler cardiofacial syndrome had tracheal obstruction with complete tracheal rings, agenesis of the right lung, left atrial isomerism and complete AVSD. At the age of 2 months, a tracheoplasty using the patch-and-strips technique and banding of the pulmonary artery was performed. Three months later, a sliding tracheal plasty was done because of restenosis due to sharp angulation of the elongated trachea caused by a rightward mediastinal shift. Tracheal cannula placement was needed for weaning from mechanical ventilation. Three months later, the AVSD was corrected together with pulmonary artery debanding. Three months after the AVSD correction mortality occurred due to septic shock with pneumonia and multiorgan failure. The third patient had a The values are denoted as n (%). The values are denoted as n (%).
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systemic sclerotic disease (IFAP syndrome or commonly known as ichtyosis follicularis) also affecting the trachea. At the age of 6 years, tracheoplasty with patch and strips was performed. One year later, restenosis occurred and he underwent a sliding tracheaoplasty. Two years later, he was reoperated on again for recurrent stenosis and underwent a second sliding plasty that was complicated by fatal bleeding after some weeks most probably due to infection of the tracheal repair (Fig. 2) . Follow-up was complete in all at the time of last follow-up in March 2013. The mean follow-up was 6.1 ± 2.7 years (0.75-10 years). There were 18 survivors. In the follow-up, bronchoscopy was performed in 17 patients. The mean cross-sectional area of the lumen was measured as 67 ± 15%. This was significantly larger than the preoperative cross-sectional luminal area (P < 0.05). Twelve (67% of survivors) patients had no respiratory symptoms at the moment of last follow-up and were doing well, with normal physical activity. Four (22.2% of survivors) patients had mild symptoms such as minor upper airway infections during the winter months. Two (11% of survivors) patients had dyspnoea on exertion.
The mean VAS score was 7.6 ± 1.4 (range 5-10). There was a significant correlation between severity of symptoms and a lower VAS score (P = 0.03; Table 6 ).
DISCUSSION
In this paper, we describe the results and long-term follow-up of our method of tracheal repair using an autologous pericardial patch that is externally stented by strips of autologous costal cartilage [5] . In this way, a semi-rigid construction is made and the airway is stable. Consequently, the patients can be extubated earlier than when there is no external support for the pericardial patch.
Four (19%) patients had granulation formation in the postoperative period that was removed by bronchoscopy. In 2 patients, this was done twice and in one 3 times. This is comparable with other reports [4, 8] . After discharge from hospital, only 3 patients had granulation removal with an average of 3 months between the operation and bronchoscopic removal. This can be explained by the fact that only after approximately 3 months, the pericardial tissue is starting to become again fully covered by respiratory epithelium [9] .
In total, 8 patients were reoperated on. One patient was reoperated on 17 days after the initial operation because of patch dehiscence due to mediastinitis. Seven (33%) patients were reoperated on later for recurrence of tracheal obstruction. In 4 of them, the cause of recurrent tracheal stenosis was compression by a ( persisting) right aortic arch. In our experience, patients with a right aortic arch are more prone to recurrent stenosis and we believe with others that this is caused by a relative lack of space between the aorta and the trachea [10, 11] . During growth of the aorta and the arch this configuration remains, with continued pressure on the trachea causing restenosis. In some cases, elongation of the ascending aorta or the aortic arch was performed with an intention to decrease the external compression. Aortopexy is usually insufficient as traction on the ascending aorta upwards results in folding or 'tenting' of the flaccid tracheal pars membranacea, resulting in luminal narrowing. In our series, there were 7 patients with complete tracheal rings. Two of them needed reoperation. In one, the entire trachea from cricoid to carina was involved. In these patients, the chance of recurrence is high as reported by others [12] . One of these patients was successfully reoperated on using the patch-and-strips technique, and she is doing well to date. The other patient with complete tracheal rings that needed a reoperation had multiple congenital comorbidities (AVSD, Cayler cardiofacial syndrome and agenesis of the right lung). Because of the agenesis of the right lung which caused a mediastinal shift to the right side, the elongated trachea and main bronchus developed an angle which caused the restenosis. This postpneumonectomy-like syndrome due to agenesis of the right lung has been described by Furia et al. [13] . They inserted a tissue expander to stabilize the mediastinum and reduce the angle of the airways. In our institution, we have treated 2 patients using tissue expander with a reasonable result. One patient had generalized sclerotic disease affecting the trachea. The syndrome is called ichytosis follicularis. This patient had recurrent tracheal stenosis due to the sclerotic disease causing fibrosis of the tracheal lumen. This patient was treated with corticosteroids to delay the progression of the disease. But even with vigorous medical treatment, the restenosis recurred and the patient needed two reoperations. Finally, 1 patient was successfully reoperated on because of patch dehiscence and mediastinitis. Friberg and Bodin [14] have shown in their randomized clinical trial a significant decrease in sternal wound infections using collagen gentamicin sponges. In recent years, we have added local collagen gentamicin sponges around the repaired trachea to reduce the chance of infections.
A mortality of 14% is comparable with other reports [4, 15] . For slide tracheoplasty, an average of 12.5% mortality has been reported (0-25%) [16] . Similar to other reports, these patients had extensive comorbidities and usually needed one or more reoperations [4, 17, 18] . One patient died because of fatal bleeding from a tracheal stent. This has been reported by others [19] . One patient, mentioned above, with agenesis of the right lung who had been operated on twice for tracheal stenosis had her AVSD repaired, but died 3 months later of multiorgan failure and sepsis. Higher mortality rates have been reported for patients with unilateral lung agenesis with tracheal stenosis, although one study showed no difference in mortality in comparison with patients without unilateral lung agenesis [20] . Moreover, postoperative complications with the need for tracheostomy are more common in patients with one lung agenesis [20] . In addition, Chiu and Kim [21] in their multicentre analysis of the literature showed that patients with concomitant intracardiac anomalies had a higher mortality rate. Last patient with sclerotic skin disease (IFAP) affecting the trachea had been operated on three times for recurrent stenosis due to progressive disease.
In the follow-up period, 67% of survivors were asymptomatic and 22% had very mild symptoms. These were airway infections in the winter which were treated by oral antibiotics, but they had no limitations in their physical activities during the day or at school. Two patients had limiting symptoms, and these were dyspnoea on exertion and recurrent respiratory infections treated with antibiotics. Postoperative tracheal cannula placement was needed in 1 patient with multiple cardiac and non-cardiac comorbidities and lung agenesis, but no other patients needed a tracheal cannula after tracheal repair.
The VAS score has been widely studied in clinical setting to assess the quality of life and perception of severity of symptoms. The VAS score has also been validated in the paediatric population and additionally among paediatric patients with airway disease [6] . To our knowledge, this is the first publication reporting the use of VAS score in this subset of patients. We asked the parents, or if possible, the patients to answer our questionnaire where we asked them to rate their sense of well-being/quality of life and freedom of respiratory symptoms compared with age-related peer group. The score was 1 to 10, 1 being the worst. The VAS, concerning their physical well-being and respiratory symptoms compared with their age-related peer group, was scored high. The mean VAS score was 7.6 ± 1.4 (range 5-10). Our range of VAS score correlated with the severity of symptoms. The more severe the symptoms, the lower the VAS score. As described by Tosca et al. [6] , the VAS score is a valuable tool to assess the symptom perception, mainly in children with airflow limitation, and also quality of life.
Different surgical techniques have been described for tracheal stenosis with each method having its advantages and disadvantages. However, consensus exists that only autologous material should be used for tracheal reconstruction as the chances of infection after opening the trachea are relatively high. In paediatric tracheal repairs, it is important that growth is not inhibited, which forms another reason for using autologous tissue for tracheal repair.
The anterior pericardial patch technique was first described by Idriss et al. Others have shown good long-term results with this technique [3, 4] . Sliding tracheoplasty, first described by Tsang et al., has gained popularity among centres with relatively good results [8, 16] .
Costal cartilage tracheoplasty was first described by Kimura et al. [22] . The stenosed trachea is opened longitudinally and costal cartilages are used to fill in the defect. Using costal cartilage as patch to reconstruct the trachea has been described with reasonable results [23] . Again, the advantage here is the availability of the costal cartilage. Additionally, costal cartilage is relatively rigid. Reconstructed trachea with costal cartilage will have a stable lumen. Its rigidity is at the same time its disadvantage and makes it harder to work with it. Where large segments need to be covered, more pieces of costal cartilage are sutured together, but making it without air leaks can be difficult. In some reports, they suggest using biological glue material to ensure an air tight seal. Granulation formation is one of the problems encountered with this technique.
Tracheal autograft tracheoplasty was described by Backer et al. [24] , where the stenosed trachea is resected for a short segment, the anterior part is removed, the posterior part is sutured together and the anterior defect is filled with the remaining tracheal tissue. Tracheal autograft has the advantage of being readily available, but the main drawback is its limited quantity as the resected tracheal tissue is used to reconstruct the defect and to enlarge the larger lumen. The rigidity keeps the lumen patent. And it is lined with epithelial tissue. But like the costal cartilage, it is not easy to work with and also maybe not enough autograft is available, in which case a patch of pericardium is used to cover the remaining defect. Backer et al. have reported good results with this technique [15] .
Sliding tracheoplasty has gained popularity in the past years and has been adapted in many centres. The results are promising. The fact that the tracheal lumen is enlarged with rigid autologous tracheal tissue lined with respiratory epithelium makes this technique very appealing. However, as has been reported earlier, there are some reservations about this technique [15, 25] . First, the entire trachea needs to be extensively dissected, from main bronchi to the cricoid, with a subsequent risk of jeopardizing vascular supply to the trachea. The dorsal suture line is relatively difficult and air leakages in this area are difficult to repair. Sometimes, the suture line inverts making a figure-of-eight configuration in the tracheal lumen and thereby causing stenosis [8] . Granulation tissue formation needing bronchoscopic removal or dilatation is also reported with this technique and in one large series was 29% [8] .
Our group has described a method that is a combination of two methods already in use. We use pericardial patch to cover the defect over the stenosed trachea and strips of autologous costal cartilage as external stents to keep the tracheal lumen patent. Using pericardial tissue has many advantages. It is readily available, easy to mould in any way and thus, easy to work with. However, being pliable is also its weak point. Using only the pericardium as a patch will make the tracheal lumen instable and will necessitate an endotracheal tube stenting to avoid the collapse of the airway. Others have shown good short-term and long-term results with this technique [3, 4] . In some reports, patients have to be ventilated 1 week and sometimes for more than 2 weeks, with subsequent risk of airway infection and granulation formation. In our report, the median time on mechanical ventilation was 6 days (range 1-141 days, interquartile range 3.5-11 days). When we exclude the patients with extensive comorbidities which made them stay longer in the ICU, the median time on mechanical ventilation was only 4 days (range 1-9 days, interquartile range 2-6 days).
In conclusion, the patch-and-strips tracheoplasty is an easy and reproducible surgical technique for relieving tracheal stenosis with good long-term results. There are no limitations as to the length and location and severity of the stenosis. Even very long segments of tracheal stenosis can be treated this way very easily. There is no need for extensive dissection around the trachea and thus, the vascularity of the trachea is respected. The stable tracheal lumen that is created with this technique will decrease the need for mechanical ventilatory support. An obvious disadvantage of the technique is that it results in part of the trachea not being directly covered by normal epithelium thus lacking ciliary movement. Furthermore, we do not know what will happen to the strips of cartilage in the future. However, at this moment and with a longest follow-up of 10 years, we have not observed any impairment of tracheal growth by the presence of these cartilage strips. Some of the patients were small infants and are supposed to have the biggest growth of the trachea. Also here we have not encountered until now any restriction of growth by the presence of strips of cartilage. We believe that this technique should be available to the surgeon's armamentarium in addition to other tracheoplasty techniques for relieving the tracheal stenosis.
STUDY LIMITATIONS
The study is retrospective and not in all patients was bronchoscopy or CT scan performed. We have repeated these procedures in the follow-up after surgery when symptoms indicated this. Measurement of cross-sectional tracheal area, although done as careful as possible, is probably not 100% precise. And finally, although we have used a few sliding tracheoplasties (and to a lesser extent, end-to-end anastomosis as well) throughout the study period, we may have been biased towards the use of the patch-and-strips technique in some patients.
